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Abstract – Besides the elastic stiffness, the relaxation behavior of single living cells is also of interest 
of various researchers when studying cell mechanics. It is hypothesized that the relaxation response of the 
cells is governed by both intrinsic viscoelasticity of the solid phase and fluid-solid interactions 
mechanisms. There are a number of mechanical models have been developed to investigate the relaxation 
behavior of single cells. However, there is lack of model enable to accurately capture both of the 
mechanisms. Therefore, in this study, the porohyperelastic (PHE) model, which is an extension of the 
consolidation theory, combined with inverse Finite Element Analysis (FEA) technique was used at the 
first time to investigate the relaxation response of living chondrocytes. This model was also utilized to 
study the dependence of relaxation behavior of the cells on strain-rates. The stress-relaxation experiments 
under the various strain-rates were conducted with the Atomic Force Microscopy (AFM). The results 
have demonstrated that the PHE model could effectively capture the stress-relaxation behavior of the 
living chondrocytes, especially at intermediate to high strain-rates. Although this model gave some errors 
at lower strain-rates, its performance was acceptable. Therefore, the PHE model is properly a promising 
model for single cell mechanics studies. Moreover, it has been found that the hydraulic permeability of 
living chondrocytes reduced with decreasing of strain-rates. It might be due to the intracellular fluid 
volume fraction and the fluid pore pressure gradients of chondrocytes were higher when higher strain-
rates applied.  
Keywords — Cell biomechanics, consolidation theory, AFM, strain-rate dependent response. 
 
1. INTRODUCTION  
Living cells are the basic structural units existing in all known living organisms. They perform several functions 
and metabolism activities within organs and tissue. It is well known that cells are sensitive to variation in their 
mechanical and physiological environments. Therefore, studying the mechanical properties and behavior of 
individual living cells can enhance knowledge of and insight into the role of mechanical forces in supporting 
tissue regeneration or degeneration, leading to new therapies and treatment. In the literature, the mechanical 
deformation and relaxation behavior of single cells have been studied widely since it is believed that these 
properties play an important role in biophysical and biological responses [1-3]. Understanding these mechanical 
properties of single cells would provide an insight into not only cell physiology and pathology but also how cell 
physically interact with its extracellular matrix as well as how its properties influence the mechanotransduction 
process.  
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It is hypothesized that the relaxation response subjected to mechanical loading of single cells, which is 
governed by both intrinsic viscoelasticity of solid phase and fluid-solid interaction mechanisms [4-6], is similar 
to that of fluid-filled tissues [7]. There are several mechanical models, among which the viscoelastic is probably 
one of the most common models, have been developed to characterize the relaxation response of single living 
cells [8-10]. This model has been improved, leading to the thin-layer viscoelastic model in order to consider the 
effects of the sample thickness [11, 12]. However, the viscoelastic models assume the cells to be solid-like 
materials, whereas they consist of both solid and fluid constituents. As a result, the biphasic [4, 6, 13] and 
poroelastic [14-16] models have been proposed and utilized to study the relaxation behavior of single living 
cells. Nevertheless, the purely biphasic and poroelastic models can only capture the flow-dependent (fluid-solid 
interactions) response of the cells [5, 16, 17]. Therefore, a more suitable model, which can consider both solid-
solid and fluid-solid mechanisms of cells responses, is necessary. This is a complex issue that would require 
computational modeling which in turn would require mathematical idealization. 
The mechanical properties and responses of tissues and cells subjected to varying rates of loading have 
been widely studied [18-24], wherein has been observed that the response of a tissue can be transformed from 
the fluid-dominated to a purely elastic behavior at very high to impact rates of loading [19, 25]. In a previous 
study, we reported that the elastic stiffness of single living chondrocyte was dependent on strain-rates and that 
the porohyperelastic (PHE) model (i.e. an extension of the poroelastic or consolidation theory) was able to 
capture this strain-rate dependent behavior [26, 27]. This paper extends this previous work and examines 
whether or not the PHE model can be applied to the strain-rate dependent relaxation behavior of chondrocytes.  
There are a number of experimental techniques developed to characterize and study the viscoelastic 
behavior of living cells such as micropipette aspiration, cytoindentation, Atomic Force Microscopy (AFM), etc. 
[9, 28, 29]. Among these techniques, AFM is an advanced method that is capable of high resolution imaging and 
mechanical properties probing of tissues, cells and artificial surfaces both qualitatively and quantitatively [30-
36]. This facility utilizes a tip of microscopic dimension, which is attached to a very flexible cantilever, to 
indent the material/sample. The deflection of the cantilever is used to measure the applied force in order to 
obtain the force-indentation (F-δ) curve [9, 35, 37]. This powerful tool is increasingly applied in the study of 
cell responses to external stimuli and is therefore used in this study. 
In order to obtain this insight, AFM stress–relaxation experiments at varying rates of loading were 
conducted on living chondrocytes. Inverse FEA was conducted with the implementation of the PHE model to 
extract the material properties under these loading and boundary conditions based on the assumption that this 
model can adequately capture the strain-rate dependent response. The results were then compared to those of the 
thin-layer viscoelastic model [11], which is one of the most common models for single cells biomechanics, in 
order to investigate the application of the PHE model for relaxation behavior simulation. 
2. MATERIALS AND METHOD 
A. Sample preparation and AFM set-up 
The primary chondrocytes, which were given from Institute of Health and Biomedical Innovation (IHBI), QUT, 
Brisbane, Australia, were cultured using Dulbecco’s Modified Eagle’s Medium (low glucose) (GIBCO, 
Invitrogen Corporation, Melbourne, Australia) supplemented with 10% fetal bovine serum (FBS) (HyClone, 
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Logen, UT) and 1% penicillin and streptomycin (P/S) (GIBCO, Invitrogen Corporation, Melbourne, Australia). 
After culturing for a week until the cells were confluent, they were detached using 0.5% Trysin (Sigma-Aldrich) 
and seeded onto poly-D-lysine (PDL, Sigma-Aldrich) coated cultured petri dish for 1-2h. The PDL surface was 
to maintain a strong attachment with a round morphology that demonstrates that they are healthy. All 
biomechanical testing were conducted at room temperature, and the cells were taken at Passage 2.  
The AFM system used was a Nanosurf FlexAFM (Nanosurf AG, Switzerland). A colloidal probe 
SHOCONG-SiO2-A-5 (AppNano) cantilever was used in the experiment. The colloidal probe had a diameter of 
5 µm and its spring constant was 0.3114 N/m as obtained using the thermal noise fluctuations method prior to 
indentation testing. Figure 1 shows the Scanning Electron Microscope (SEM) image of the colloidal probe 
cantilever used. In our experiments, we commence by adjusting the position of the cantilever so that the 
colloidal probe aligns with the central (nuclear) region of the cells and with the close vicinity above the cells 
using the Zeiss light microscope before the cells were indented. Note that only the cells having the 
approximated sphere-shape with similar diameters are chosen and applied in the tests (i.e. too small or too large 
cells were not used). The indentation testing was thereafter conducted by applying constant displacements and 
velocities to the piezoelectric scanner. The strain-rate was approximately determined as follow: 
𝜀̇ =
𝜀
𝑡
=
(𝛿/ℎ)
(𝛿/𝑣)
=
𝑣
ℎ
 (1) 
where 𝜀̇, 𝜀̇, 𝑡, 𝛿, ℎ, and 𝑣 are the strain-rate, strain, indentation time, indentation depth, cells’ height, and loading 
velocity. 
Note that due to the limitation of our current AFM system in which the maximum displacement of the 
piezoelectric scanner in Z-direction is only 10 μm, another AFM system in another institute was used to measure 
the heights of the cells. Therefore, the AFM indentation testing and cells’ height measurement were conducted 
separately, and as such, the indentation depth and cells height given in the above equation are the average 
values. In this study, the chondrocytes were tested at four different strain-rates i.e. 7.4, 0.74, 0.123, and 0.0123 s
-
1
. After the indentation, the cantilever’s displacement was kept constant for 60 seconds instead of allowing 
retraction of the cantilever. The cantilever’s deflection was recorded while the cantilever’s chip was kept 
constant in order to study the relaxation behavior of the cells. There were totally 43 living cells tested each of 
which was measured at four different strain-rates with 60 seconds interval to ensure the cell was fully recovered. 
The cell’s height was measured prior to AFM indentation using the method proposed by Ladjal et al. [37] 
and described in detail in a later work by Nguyen et al. [26]. Briefly, the principle is to indent the cell and then 
the adjacent area of the substrate. Both of the force-indentation curves are then recorded. After that, the cell’s 
height is measured based on the determined contact points. In this study, the chondrocyte’s height was 
determined to be 15.59 ± 3.47 µm (n = 60). In addition, its diameter was measured to be 16.99 ± 2.041 µm (n = 
54) using a Leica Light Microscope M125 (Leica Microsystems).  
B. Thin-layer viscoelastic model 
Darling et al. developed and derived a viscoelastic solution for small indentations of an isotropic, 
incompressible sample with a hard, spherical tip in order to determine the viscoelastic properties of single living 
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cells using stress–relaxation experimental data [9]. They utilised the Hertzian equation and basic elastic and 
viscoelastic solutions to develop their solution as shown in the following equations: 
𝐹 =
4𝐸𝑌𝑅
1/2
3(1−2)
𝛿3/2 (2) 
where F is the applied force, EY is the Young’s modulus, 𝑅 = (
1
𝑅𝑡𝑖𝑝
+
1
𝑅𝑐𝑒𝑙𝑙
)
−1
 is the relative radius,  is the 
Poisson’s ratio, and 𝛿 is the indentation. 
𝜎 = 2𝐺(𝑡)𝜀 (3) 
(1 + 𝜏𝜀
d
d𝑡
) 𝜎 = 𝐸𝑅 (1 + 𝜏𝜎
d
d𝑡
) 𝜀 (4) 
The final viscoelastic solution, which is expressed in the time domain, is given as [9]: 
𝐹(𝑡) =
4𝐸𝑅
3(1−)
𝑅1/2𝛿0
3/2
(1 +
𝜏𝜎−𝜏𝜀
𝜏𝜀
𝑒−𝑡/𝜏𝜀) (5) 
where ER is the relaxation modulus, and 𝜏𝜎  and 𝜏𝜀 are the relaxation times under constant load and deformation, 
respectively.  
Darling et al. later applied the modified Hertzian model to develop and derive a viscoelastic solution – 
the so-called thin-layer viscoelastic model – in order to account for the finite thickness of the sample. The 
principle is similar to the one mentioned above, with the only difference being that the thin-layer (modified 
Hertzian) solution is used instead of the traditional Hertzian solution [11]. This model is used to develop a 
mathematical expression of stress–relaxation response for the well-known standard linear solid (SLS) 
viscoelastic model. By using both the thin-layer model solution [38] and the stress–relaxation model [9], Darling 
et al. proposed the thin-layer viscoelastic model to determine the three parameters that describe a cell’s stress–
relaxation response as an SLS (a Kelvin spring-dashpot in parallel with another Kelvin spring element). The 
final model is applicable for small indentations of an isotropic, incompressible sample bonded to the substrate 
with finite thickness with a hard, spherical tip: 
𝐹(𝑡) =
4𝐸𝑅
3(1−)
𝑅1/2𝛿0
3/2
(1 +
𝜏𝜎−𝜏𝜀
𝜏𝜀
𝑒−𝑡/𝜏𝜀) 𝐶  
𝐶 = [1 −
2𝛼0
𝜋
𝜒 +
4𝛼0
2
𝜋2
𝜒2 −
8
𝜋3
(𝛼0
3 +
4𝜋2
15
𝛽0) 𝜒
3  
+
16𝛼0
𝜋4
(𝛼0
3 +
3𝜋2
5
𝛽0) 𝜒
4] (6) 
In order to investigate the viscoelastic property of single cells subjected to different strain-rates, this 
model is used in the present study to determine the viscoelastic properties of osteocytes, osteoblasts and 
chondrocytes for each of the four strain-rates. Similar to our previous investigation, the cells are assumed to be 
incompressible. Thus, this model solution becomes: 
𝐹(𝑡) =
8𝐸𝑅
3
𝑅1/2𝛿0
3/2
(1 +
𝜏𝜎−𝜏𝜀
𝜏𝜀
𝑒−𝑡/𝜏𝜀) [1 + 1.133𝜒  
+1.283𝜒2 + 0.769𝜒3 + 0.0975𝜒4] (7) 
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By fitting the Equation (7) with relaxation force–time curves, the three parameters of the SLS viscoelastic model 
are determined as: 
𝑘1 = 𝐸𝑅 (8) 
𝑘2 = 𝐸𝑅 (
𝜏𝜎−𝜏𝜀
𝜏𝜀
) (9) 
𝜇 = 𝐸𝑅(𝜏𝜎 − 𝜏𝜀) (10) 
where 𝑘1, and 𝑘2 are Kelvin spring elements and 𝜇 is a damper element. The instantaneous modulus and Prony 
constant can be calculated as follows: 
𝐸0 = 𝐸𝑅 (1 +
𝜏𝜎−𝜏𝜀
𝜏𝜀
) (11) 
𝑔1 =
𝑘2
𝑘1+𝑘2
=
𝜏𝜎−𝜏𝜀
𝜏𝜎
 (12) 
Note that the Prony constant is used to determine the stress–relaxation properties of single cells as 
expressed in the shear relaxation modulus G(t): 
𝐺(𝑡) = 𝐺0[1 − 𝑔1(1 − 𝑒
−𝑡/𝜏𝜀)] (13) 
where 𝐺0 is the instantaneous shear modulus. 
C. PHE theory 
The PHE theory was developed as an extension of the poroelastic theory [39] to characterize and predict the 
large deformation and non-linear responses of structures. With respect to cell studies, this theory assumes that 
the living cell is a continuum consisting of an incompressible hyperelastic porous solid skeleton, saturated by an 
incompressible mobile fluid. While the solid and fluid constituents are incompressible, the whole cell is 
compressible because of the loss of fluid during deformation. The theory has been applied in many engineering 
fields including soil mechanics [40] and biomechanics [41-44], with the theoretical details extensively presented 
by several authors [41, 45-49]. The field equations for the isotropic form of this theory were presented as 
follows:  
Conservation of linear momentum: 
𝜕𝑇𝑖𝑗
𝜕𝑋𝑗
= 0 (14) 
where 𝑇𝑖𝑗 is the first Piola–Kirchhoff stress. 
Conservation of (incompressible) solid and (incompressible) fluid mass: 
𝜕?̇̃?𝑖
𝜕𝑋𝑘
+ 𝐽𝐻𝑘𝑙?̇?𝑘𝑙 = 0 (15) 
where J, ?̇̃?𝑖, and ?̇?𝑖𝑗  are the volume strain of the material, Lagrangian fluid velocity and rate of Green’s strain, 
respectively. 
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Two material properties are required in the PHE constitutive law, namely, the drained effective strain 
energy density function, 𝑊𝑒, and the hydraulic permeability, ?̃?𝑖𝑗. 𝑊
𝑒 defines the “effective” Cauchy stress, 𝜎𝑖𝑗
𝑒 , 
as: 
𝜎𝑖𝑗 = 𝜎𝑖𝑗
𝑒 + 𝜋𝑓𝛿𝑖𝑗 ,       𝜎𝑖𝑗
𝑒 = 𝐽−1𝐹𝑖𝑚𝑆𝑚𝑛
𝑒 𝐹𝑗𝑛 (16) 
𝑆𝑖𝑗 = 𝑆𝑖𝑗
𝑒 + 𝐽𝜋𝑓𝐻𝑖𝑗 ,    𝐻𝑖𝑗 = 𝐹𝑖𝑚
−1𝐹𝑗𝑚
−1,    𝑆𝑖𝑗
𝑒 =
𝜕𝑊𝑒
𝜕𝐸𝑖𝑗
 (17) 
where 𝜋𝑓 is the pore fluid stress = – (pore fluid pressure); and 𝐹𝑖𝑗, 𝑆𝑖𝑗
𝑒 , and 𝐻𝑖𝑗  are the deformation gradient, 
second Piola-Kirchhoff stress and Finger's strain, respectively. It is interesting to note that 𝑊𝑒 in the PHE model 
is equivalent to the classical strain energy density function for a compressible material due to the relative fluid 
motion based on the classical hyperelasticity theory. 
Conservation of fluid mass (Darcy’s law): 
?̃?𝑖𝑗
𝜕𝜋𝑓
𝜕𝑋𝑖
= ?̇̃?𝑗  (18) 
where  ?̃?𝑖𝑗 is the hydraulic permeability. 
Note that all the tilde signs above represent the Lagrangian form of the field equations. 
For simplicity, the neo-Hookean strain energy density function was used in this study [50, 51] as follows:  
𝑊𝑒 = 𝐶1(𝐼1̅ − 3) +
1
𝐷1
(𝐽 − 1)2 (19) 
where 𝐼1̅ = 𝐽
−2/3𝐼1 is the first deviatoric strain invariant, and C1 and D1 are the material constants. 
The volume strain of the cell is given by: 
𝐽 =
𝑑𝑉
𝑑𝑉0
=
1+𝑒
1+𝑒0
 (20) 
where V and V0 are the deformed and un-deformed volumes of the material, respectively; e and e0 are deformed 
and initial void ratios. The initial void ratio, which is the ratio of the volume of fluid to the volume of solid 
component, was assumed to be 𝑒0 = 4 in this study [18, 52, 53]. Note that the void ratio, e is related to porosity 
n, or, the volume of the matrix occupied by fluid: 𝑒 = 𝑛/(1 − 𝑛). 
The Hertzian model, which is widely applied in AFM experiments [54, 55], is based on the theory of 
linear elasticity – it can only capture the linear stress-strain relationship and can only be applied to cases where 
the contact radius is small compared to the radius of the indenter. It has been proven to be able to capture the 
behavior of materials at small deformations but not for biological soft tissues. Thus, non-linear elastic contact 
models based on hyperelastic strain energy functions have been developed [33, 56]. Without loss of generality, 
the neo-Hookean strain energy density function was used in this study since this hyperelastic model is simplest 
and easier to conduct the curve fitting. Other types of hyperelastic models may be used for example the model 
by [56]. Researchers have used the stress-strain relations based on the incompressible neo-Hookean theory to 
derive the force–indentation relation, using microspheres as indenters, to obtain the relationship [56]: 
𝐹 = 2𝐶1𝜋 (
𝑎5−15𝑅𝑎4+75𝑅2𝑎3
5𝑅𝑎2−50𝑅2𝑎+125𝑅3
) (21) 
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D. FEA model of single chondrocytes and inverse FEA technique 
In order to investigate the application of the PHE model in simulating the relaxation behavior of single 
chondrocytes, this model combined with the inverse FEA technique was used. The FEA model of the cells was 
developed using the FEA commercial software package ABAQUS 6.9-1 (ABAQUS Inc., USA). The average 
diameters and heights of the cells were used to create the FEA model shown in Figure 2. Note that the difference 
between the chondrocytes’ height and diameter was less than 9% due to the short cell culture time in this study 
(~1 h). Experimental results reported in the literature [37, 57, 58] have revealed similar results. In other words, 
the cell is nominally to a sphere. Thus, in these cases, it is assumed that the cells are spherical whereby the cell 
height is equal to the diameter [11, 59] and this dimension was used in the FEA model of the single 
chondrocytes in this study.  
The AFM nano-indentation experiment was simulated with this model. Both the cell and AFM tip are 
spherical; therefore, axisymmetric geometry and element-approximation were assumed, thereby saving 
computational cost [51]. An 8-node quadratic pore fluid/stress (i.e. CAX8RP) was used in PHE model in this 
study to simulate the consolidation-dependent mechanical behavior of single chondrocytes. The model consists 
of a cell with a diameter of 17 µm, which was indented at four different strain-rates, namely, 7.4, 0.74, 0.123, 
and 0.0123 s
-1
. The stress-relaxation tests were performed for 60s at each of the four strain-rates while the force-
time curves were recorded in order to obtain insights into the effect of the strain-rate on the cells’ biomechanical 
response.  
The simulation was conducted and the reaction forces were then extracted and compared to the 
experimental data in order to determine the cell’s mechanical properties, namely, C1, D1 and kij in Equations (18) 
and (19) using the inverse FEA procedure as follows: 
 From the force–indentation curves during the indentation phase in which the applied force reached its 
maximum value, the AFM force–indentation data was fitted with Equation (21) in order to determine 
the C1 parameter in Equation (19) because the cell was assumed to be incompressible. This parameter 
in PHE model physically represents the elastic stiffness of the solid component within the cell. 
 From the force–time curves during the equilibrium state at the relaxation phase where the applied 
force reached an asymptotic value, the inverse FEA was conducted and the results compared to the 
AFM experimental results in order to determine the D1 parameter in Equation (19). This parameter in 
PHE model represents the compressibility (fluid volume loss) of the cell.  
 From the force–time curves during the transient state at the relaxation phase in which the applied 
force reduced dramatically, the inverse FEA was conducted in order to determine the initial 
permeability kij in Equation (18). 
 The volume strain of the cell was also calculated using Equation (20) based on the void ratios of the 
cell at the end of each phase in order to study the effect of the pore fluid pressure within the cell. 
E. Statistical analysis 
One-way analysis of variance (ANOVA) was employed using the statistical software Minitab 16.1.1 (Minitab 
Inc. 2010) with statistical significance reported at 95% confidence level (p < 0.05) to compare the PHE material 
parameters among the four strain-rates tested. 
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3. RESULTS AND DISCUSSION 
In the literature, the thin-layer viscoelastic model [11] has been applied to capture the relaxation behavior of 
living cells. However, the model assumes that cells to be homogenous solid materials, whereas cells comprise 
both fluid and solid components. It is well-known that both the CSK and intracellular fluid govern the 
mechanical behavior of single cells. Thus, the development of a more suitable mechanical model is necessary in 
order to study the stress–relaxation behavior of single living cells. In our previous study [26], it was already 
demonstrated that the PHE model could accurately capture the strain-rate dependent mechanical deformation 
behavior of single living cells, which was governed by the actions and reactions of both solid and fluid 
constituents. We hypothesized and have tested whether or not this model can also capture the relaxation 
behavior of living cells, using chondrocytes as our cell model. Note that our model is a continuum model which 
is a simplification of the living cell and has several limitations. For instance, it cannot be used to investigate the 
effects of individual cellular components such as nucleus, cytoskeleton, cytoplasm, etc. However, the AFM 
cantilever used in this study had spherical tip, the experiments were thus measuring the bulk mechanical 
properties of the cells. Although the mechanical models used in our study are continuum models, which assume 
the cell to be homogeneous and isotropic for simplification, they are useful to solely identify the bulk 
mechanical properties of chondrocytes subjected to different mechanical stimuli. The macroscale model created 
in this research provides us the stress and strain distributions induced on and in the cell which can be utilized as 
input, in the future, in the more accurate micro-scale or nano-scale modelling of the subcellular components i.e. 
nuclear, and cytoskeleton. It would be helpful to investigate how mechanical forces distribute and transmit to 
the cytoskeletal and subcellular components. 
In addition, it is reported in the literature that the maximum membrane area of single cells is around 200–
240% of the initial area, and it is presumed that the cellular membrane consists of many folds and ruffles which 
unfold during deformation [10, 60-62]. The folds and ruffles help the cells to withstand large deformations 
without exerting significant stress on the membrane. Therefore, researchers have concluded that the cell 
membrane does not contribute much to the mechanical properties (e.g. permeability) of the cells at small strains 
(or small deformation). Therefore, the cell membrane is not specifically considered in the FEA models used in 
this study as shown in Figure 2. 
The PHE model was applied to simulate the stress–relaxation behavior of single living chondrocytes at 
four different strain-rates. Figure 3 and Figure 4 present the performance of the PHE model in capturing the 
mechanical deformation behavior of the chondrocytes during indentation and the stress–relaxation of the 
chondrocytes, respectively, at four different strain-rates. Figure 3 presents the AFM force–indentation 
experimental data and PHE simulation results of a representative living chondrocyte. In order to investigate the 
application of the PHE model compared to the thin-layer viscoelastic model, together with the AFM force–time 
relaxation data, the PHE simulation results and fitted curve using the thin-layer viscoelastic model are also 
presented in Figure 4. The estimated parameters for these two models and their R
2
 values are also presented in 
these figures. 
From Figure 4, it was observed from the AFM stress–relaxation testing results, that there were two 
phases in the force–time curves. In the first phase, a sudden drop of applied force takes place immediately after 
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the indention, which lasts for a few seconds (see the strain-rate of 7.4 s
-1 
in Figure 4). In the second phase, 
following the first phase, the applied force gradually reduces and reaches an asymptotic value. These two phases 
are called the transient and equilibrium phases, respectively, in this study. It is hypothesized that the occurrence 
of these phases is due to the effects of both the cellular CSK network and the intracellular fluid. In order to 
obtain a clearer illustration, the fluid pore pressure was extracted at the point underneath the tip (see point “P” in 
Figure 2) and shown in Figure 5 for all four strain-rates tested. As reported in our previous work [26], the 
intracellular fluid was blocked within the cells at high loading rates due to low permeability of the cells. This 
causes the fluid pore pressure to dramatically increase as presented in Figure 5. It was observed that the fluid 
pore pressure increased to a maximum value (i.e. around 320, 170, 61 and 19 Pa for 7.4, 0.74, 0.123 and 0.0123 
s
-1 
strain-rates, respectively), immediately after the indentation phase. When the cells were allowed to relax, the 
fluid started to exude out from the cells caused by fluid pressure gradient leading to the significant reduce of the 
pore pressure to a limiting low value (i.e. almost zero) at the end of the transient phase (see Figure 5). It was 
observed that the significant reduction of the fluid pore pressure resulted in a significant decrease of applied 
force in the relaxation phase. At the end of the relaxation phase, the chondrocyte reached its equilibrium 
condition wherein the fluid pore pressure was equal to the extracellular pressure.  
It was observed that, at the high strain-rates (i.e. 7.4 and 0.74 s
-1
), both the thin-layer viscoelastic model 
and the PHE model captured the sudden drop of the applied force in the transient phase of relaxation behavior 
(see Figure 4(a) and Figure 4(b)). However, the thin-layer viscoelastic model did not capture the gradual 
reduction of applied force after the transient phase, whereas the PHE model captured this phase accurately. 
Hence, the PHE model can effectively capture the stress–relaxation behavior of the single living chondrocyte at 
both the transient and equilibrium phases. This was demonstrated by a much higher R
2
 values of the PHE model 
compared to those of the thin-layer viscoelastic model. 
On the other hand, at the lower strain-rates of 0.123 and 0.0123 s
-1
, both models captured the stress–
relaxation behavior of the chondrocytes very well, corresponding to their high R
2
 values (see Figure 4(c) and 
(d)). These results suggest that the thin-layer viscoelastic model can only capture the stress–relaxation behavior 
at low strain-rates, whereas the PHE model can capture the chondrocyte behavior at a wide range of strain-rates. 
This is because the viscoelastic model only considers the intrinsic viscoelasticity of solid phase whereas the 
PHE model considers both fluid and solid effects. However, it was noticed during the simulation that the PHE 
model did not capture the relaxation behavior at the lowest strain-rate (i.e. 0.0123 s
-1
) with very high accuracy 
compared to the other strain-rates. In addition, the viscoelastic model gave better result at this lowest strain-rate, 
demonstrated by higher R
2
 value, compared to the PHE model. This might be due to the influence of the 
intracellular fluid, which was inferior at this low strain-rate. Specifically, it has been reported in our previous 
investigation [26] that at such low strain-rates, the intracellular fluid can freely move through the cellular CSK 
with very low resistance at the indentation phase, leading to a relatively small fluid pore pressure gradient (see 
Figure 5(c) and (d)). This finding is consistent with that of previous work [63] where the researchers stated that 
more mechanosensitive channels were open when the strain-rate was lower. As a result, at the relaxation phase, 
the relaxation behavior is not governed by the intracellular fluid, but is mainly governed by the remodeling of 
the cellular CSK. Therefore, it can be concluded that the stress–relaxation behavior of single living 
chondrocytes at this lowest strain-rate is mainly contributed by the cellular CSK network. This has explained for 
the fact that the viscoelastic model gives better results at the lowest strain-rates. In summary, based on the 
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findings in this study, it can be concluded that the PHE model can be used at a wide range of intermediate to 
high strain-rates (i.e. from 0.123 to 7.4 s
-1
), whereas the thin-layer viscoelastic model gives good results only at 
low strain-rates (i.e. from 0.0123 to 0.123 s
-1
).  
Table 1 and Figure 6 show the material parameters of the PHE model determined using the procedure 
mentioned above. The asterisk in Figure 6 indicates the significant difference in a PHE parameter in one strain-
rate compared to another. Furthermore, the volume strains of a typical chondrocyte were also measured using 
Equation (20) by determining the void ratios of the cell. The strains were measured at the instant after 
indentation and after the relaxation phase when the chondrocytes were subjected to four different strain-rates. 
The results are presented in Table 1. Interestingly, it can be observed from the results presented in Table 1 and 
Figure 6 that the hydraulic permeability of the single living chondrocytes reduced with decreasing strain-rates (p 
< 0.05). This might be because the intracellular fluid volume fraction is higher, as indicated by higher volume 
strain after indentation phase (see Table 1), with higher strain-rates.  This is similar to the results reported by 
Moeendarbary et al. [14] who found that the diffusion constant reduced and the cells relaxed at lower rates with 
decreasing fluid fractions. Moreover, the fluid pore pressure gradients of chondrocytes after the indentation 
phase are higher resulting in the intracellular fluid to exude easier with higher strain-rates (see Figure 5). Thus, 
it can be concluded that the relaxation behavior of chondrocytes is dependent on strain-rates.  
From Table 1, it was observed that the volume strain of the chondrocyte was larger after indentation 
compared to the volume strain after the relaxation phase at all strain-rates. This finding suggested that the whole 
chondrocyte was compressible due to the fluid flux during the relaxation phase. Thus, it can be concluded that, 
even though both the solid and liquid components are incompressible, the whole cell is compressible because of 
the fluid loss. 
In order to understand how chondrocytes exhibit stress–relaxation behavior, the von Mises stress and 
pore pressure distributions of a typical chondrocyte at four different strain-rates were extracted, and are shown 
in Figure 7 and Figure 8, respectively. It is interesting to note that the von Mises stress reduced slightly during 
the relaxation phase, whereas the fluid pressure decreased significantly. This can be explained by the fact that, 
after the indentation phase, the intracellular fluid is blocked inside the cell due to the low permeability of the 
cell; this causes the pore pressure to increase. After that, during the relaxation phase, because of the fluid pore 
pressure gradient inside the cell, the intracellular fluid starts to flow out, causing the cell to become softer. 
Additionally, at low strain-rates, some of the intracellular fluid exudes out from the cell during the indentation 
phase, causing a lower fluid pore pressure than at high strain-rates. At the end of the relaxation phase, the cell is 
in an equilibrium condition wherein the fluid pore pressure reaches a relatively small value for all four strain-
rates.  
As a result, it can be concluded that the PHE model is suitable for capturing the stress–relaxation 
behavior of living chondrocytes. It is hypothesized that the PHE model is a potential model to capture the 
relaxation behavior of other cell types which will be considered in future studies. Additionally, as presented in 
our previous work [26], this model can also capture the strain-rate dependent mechanical deformation behavior 
of living cells. Therefore, it can be concluded that the PHE model, which is developed from the poroelastic 
theory, would be a potential mechanical constitutive model for single cell biomechanics [14, 26].  
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4. CONCLUSION 
In this study, the PHE model combined with the inverse FEA technique was used to investigate the strain-rate 
dependent relaxation behavior of single living chondrocytes. Several conclusions were drawn as follows:  
 The AFM stress–relaxation experimental data of single chondrocytes at each of the four strain-rates 
were used to study the dependence of the relaxation behavior on strain-rates. The PHE model was 
used to estimate the hydraulic permeability of the chondrocytes at varying strain-rates. As reported 
in this study, it has been found that the permeability reduced with decreasing strain-rates, indicating 
that the relaxation behavior of single living chondrocytes is dependent on the strain-rate. This might 
be because the volume fraction of intracellular fluid is higher at higher strain-rates.  
 By using the PHE model, it has been observed that the intracellular fluid exudes from the cell during 
the relaxation phase because of the gradient of the fluid pore pressure. This caused the volume loss 
or compressibility of the chondrocytes.  
 From the experimental and simulation results reported in this study, it has been found that the thin-
layer viscoelastic model gives good results only at low strain-rates, whereas the PHE model 
provides with good results at high strain-rates and reasonable results at low strain-rates. The PHE 
model can also precisely capture the mechanical deformation behavior of single cells as reported in 
our previous study. Therefore, this model is properly a promising model for single cell mechanics 
studies and should be deeply studied in order to further improve its performance. 
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Figure 1: SEM image of colloidal probe cantilever used in this study 
 
Figure 2: FEA model of single chondrocyte. The point “P” is the point where the pore fluid pressure was 
extracted and presented in Figure 5 
 
Figure 3: AFM experimental data and PHE model force–indentation curves of living chondrocytes at 7.4, 
0.74, 0.123, and 0.0123 s
-1
 strain-rates (the data are shown as mean values (n = 43)) 
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Figure 4: AFM stress–relaxation experimental data versus results obtained by the thin-layer viscoelastic 
model and PHE model for living chondrocytes at (a) 7.4 s
-1
, (b) 0.74 s
-1
, (c) 0.123 s
-1
, and (d) 0.0123 s
-1
 strain-
rates (the data are shown as mean values (n = 43)). The fitting parameters for each model are shown in the 
corresponding colored texts  
 
Figure 5: Fluid pore pressure curves of a typical chondrocyte at (a) 7.4 s
-1
, (b) 0.74 s
-1
, (c) 0.123 s
-1
, and (d) 
0.0123 s
-1
 strain-rates extracted at the point underneath the AFM tip 
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Figure 6 PHE material parameters, namely, C1, D1 and kij, of single chondrocytes when subjected to different 
strain-rates (7.4, 0.74, 0.123 and 0.0123 s
-1
) (n = 43) (the data are shown as mean ± standard deviation; *p < 
0.05 indicated the significant difference of the parameters between two strain-rates) 
 
Figure 7 von Mises stress distributions after indentation, and after relaxation phase at four different strain-
rates (7.4, 0.74, 0.123 and 0.0123 s
-1
) 
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Figure 8 Fluid pore pressure distributions after indentation, and after relaxation phase at four different strain-
rates (7.4, 0.74, 0.123 and 0.0123 s
-1
) 
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Table 1: PHE model material parameters and volume strain of single living chondrocytes (n = 43) at four 
varying strain-rates 
 7.4 s
-1 
0.74 s
-1
 0.123 s
-1
 0.0123 s
-1
 
C1 (Pa) 
720.822 ± 
392.623 
539.050 ± 
374.567 
424.823 ± 
318.733 
272.369 ± 
191.260 
D1 (1/Pa) 0.033 ± 0.055 0.013 ± 0.014 0.009 ± 0.009 0.008 ± 0.008 
Hydraulic permeability kij (10
9 
µm
4
/N.s) 
8.724 ± 13.197 3.743 ± 5.586 0.998 ± 1.238 0.302 ± 0.209 
Initial void ratio e0 4 4 4 4 
Volume strain 
After indentation 0.987 0.987 0.980 0.969 
After relaxation 0.867 0.907 0.932 0.940 
 
